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Spudcan retrieval from clay soils remains a major concern offshore as the extraction force required to overcome suction and soil resis-
tance often exceeds the pulling capacity available on the mobile jack-up, causing extensive delays. Although methods to calculate extrac-
tion resistance have been recently suggested for seabeds of pure clay, to date there is no guidance available for the commonly encountered
sand-over-clays. Based on failure mechanisms observed in half-spudcan visualisation tests, and calibrated against an extensive geotech-
nical centrifuge database of precisely measured extractions, this paper presents a method for calculating the force required to extract the
spudcan foundations of mobile jack-up platforms after they have penetrated through a sand layer into underlying clay. Complexities,
such as the strength degradation and strength recovery of the underlying clay soil, that occurs during spudcan installation and jack-
up operations, are accounted for. Validation of the proposed method is demonstrated by retrospective prediction of the centrifuge testing
database. The method outlined will allow operators of jack-up platforms to assess the extraction force prior to jack-up installation and to
plan operational scenarios based on seabed conditions.
 2020 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Self-elevated mobile jack-up units play an important
role in offshore drilling in shallow waters, up to approxi-
mately 150 m depth. A jack-up hull is roughly triangular
in shape and has three retractable truss-work legs. Jack-
ups stand on inverted conical ‘‘spudcan” footings thathttps://doi.org/10.1016/j.sandf.2020.03.004
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1 On postdoctoral leave.can be in excess of 20 m in diameter (D) and can be pene-
trated in a wide range of soil conditions. During installa-
tion the legs are lowered to the seabed and self-weight of
the jack-up places vertical loads on the spudcans. A
preloading process, where water is pumped into ballast
tanks in the jack-up hull, subjects the spudcans to further
vertical load, and ensures that the footings have sufficient
bearing capacity to withstand the jack-up’s self-weight
and potential environmental storm loads during opera-
tions. In seabeds of sand-over-clay this installation and
preloading can push the spudcans through the sand layer




cr ‘operational’ coefficient of consolidation
d spudcan penetration depth from the soil surface
de distance from the far edge of the spudcan influ-
ence zone to the edge of the sand column
D diameter of the spudcan
e0 void ratio of clay
F(n) drain spacing factor
hbr breakout depth
hc spudcan depth in the underlying clay layer
hf length of the shear surface in the sand layer
hfinal final penetration depth of spudcan
ht height of the spudcan top shoulder
Hs sand thickness
ID relative density of sand
k shear strength gradient
k0 coefficient of earth pressure at rest
kr radial permeability at the initial specific volume
m plastic volumetric strain ratio
n drain spacing ratio
nc cycle number
N NCL specific volume at r0v = 1 kPa
N95 rate of strength degradation
OCR over-consolidation ratio
qbr ultimate breakout resistance
qin ultimate installation resistance
qbr-0 breakout resistance with no time for consolida-
tion
qbr, predicted predicted ultimate breakout resistance
qbr, test measured ultimate breakout resistance
Qin ultimate installation force
Qbr breakout force
Qshear, clay shear resistance of the clay mobilised along
the vertical planes of the soil column
Qshear, sand shear resistance in the sand mobilised along
the vertical plane of the soil column
re radius of soil cylinder
rw radius of the sand column above the spudcan
R a parameter that controls the position of the
failure stress between the CSL and RSL
St soil sensitivity
su shear strength of clay
su, initial initial undrained shear strength
sum shear strength of clay at sand-clay interface
t diameter of the spudcan shaft
tr consolidation time
Tr time factor
u excess pore pressure
umax maximum excess pore pressure
U degree of consolidation
v specific volume
Wsand weight of the sand column above the spudcan
z depth from the original clay surface
c0c submerged unit weight of clay
c0s submerged unit weight of sand
cw unit weight of water
j slope of the unload-reload line
k slope of the NCL (and CSL) line
U specific volume at r0v = 1 kPa on the CSL line
m strength parameter
/cv critical state friction angle of sand
/0 mean triaxial compression friction angle
r0r in situ radial effective stress
r0v vertical effective stress
r0vE-n vertical effective stress on the CSL at the current
nc
414 P. Hu et al. / Soils and Foundations 60 (2020) 413–424On completion of jack-up operations at a site, the legs
are retracted from the seabed by lowering the hull into
the water, thereby generating a buoyant uplift force and
inducing tensile forces in the leg trusses. Successful leg
extraction within a short period of time is preferred as this
will allow for efficient redeployment of the rigs in other
locations. However, in some instances the extraction may
be difficult and time consuming because the pull-out capac-
ity of the rig is less than the extraction resistance of the
spudcans. Spudcan extraction from deep penetrations into
clay (that can be in excess of two spudcan diameters) can
take several days, and sometime longer (McClelland
et al., 1981). Adding to lost productivity associated with
the delay, prolonged hull submersion under the action of
wave and current also poses risks of structural damage to
the jack-up.
The industry standard guidelines for jack-up operations
ISO (2012) note that potential leg extraction difficultiesshould be addressed prior to placement of the jack-up on
site. However, only a few analytical methods for predicting
the extraction resistance are available and these are limited
to purely clay soils (Purwana et al., 2005; Purwana, 2007;
Kohan et al., 2014a,b; Kohan, 2015). Hossain et al.
(2015) demonstrated through geotechnical centrifuge
experiments that a spudcan penetrating through a thin
layer of surface sand eases the extraction force required,
even for spudcans buried deep in the underlying clay. How-
ever, a practical and verified method to estimate the ulti-
mate spudcan extraction resistance in sand-over-clay is
currently unavailable in either the industry recommended
practices or literature in the public domain. This paper pre-
sents such a method. A simple calculation procedure for
predicting ultimate extraction resistance of spudcans in
sand-over-clay soils is established. It accounts for both
the degradation of clay strength during spudcan installa-
tion and the recovery of strength due to reconsolidation
P. Hu et al. / Soils and Foundations 60 (2020) 413–424 415of the clay layer under self-weight during jack-up
operations.
2. Background
Purwana et al. (2005) experimentally investigated the
influence of base suction on extraction of jack-up spudcans
from single layer clay. It is found that the base suction is
the main contributor for the larger breakout force required
to extract spudcans with longer operation periods.
The installation, operation and subsequent extraction of
the spudcan foundation of a jack-up drilling rig requires
the effects of remoulding and reconsolidation to be assessed
(e.g. Stewart and Finnie, 2001; Gan et al., 2012). Significant
changes in strength can occur owing to consolidation as the
excess pore water pressures generated from the spudcan
penetration gradually dissipate and the soil strength recov-
ers. To assess these changes in soil strength, it is necessary
to adopt a framework that captures both the loss of
strength from remoulding as well as the gain in strength
on account of reconsolidation. Based on centrifuge tests
of spudcan extraction in normally consolidated soil,
Kohan et al. (2014b) provided a prediction method to esti-
mate the peak extraction resistance by considering the fac-
tors characterising the change in soil shear strength around
the spudcan and the effect of the operation load and
strength ratio. Bienen et al. (2015) have considered the
effect of consolidation around a footing penetrating
into the carbonate silty clay and proposed a simple
framework to predict the effect of consolidation on the
load-penetration curve of the footing. However, for sand-
over-clay soil stratigraphy there is no established design
methodology for assessing the strength recovery after the
operation and the resulting change in extraction force of
a spudcan foundation.
There has now been a significant number of geotechnical
centrifuges tests of spudcans penetrating sand-over-clay
soils (e.g. Craig and Chua, 1990; Teh et al., 2010; Lee
et al., 2013; Hu et al., 2014; Hu and Cassidy, 2017).
Although some extraction results are shown in the resulting
publications, all of these tests have concentrated on devel-
oping new understanding and numerical prediction of the
installation punch-through events. Lee (2009) and Hu
et al. (2014) carried out spudcan penetration-extraction
tests on two-layer dense silica sand (ID = 92%) and med-
ium dense silica sand (ID = 43%) over soft kaolin clay
deposits. Details of the engineering properties of the
University of Western Australia (UWA) kaolin clay and
UWA super fine silica sand can be found in Lee et al.
(2013). Safinus (2016) also investigated the spudcan
penetration-extraction behaviour in carbonate sand over
kaolin clay, allowing the underlying clay to consolidate
before measuring the extraction resistance. For silica sand
over stiff kaolin clay, Hu and Cassidy (2017) conducted
centrifuge model tests, investigating the punch-through
failure potential. The operation period and its effect on
the extraction force was also modelled but not reported.These tests form a comprehensive database to study extrac-
tion after penetrating a sand layer into an underlying clay.
Adding to the model spudcan experimental database,
post-test bisection and half-spudcan visualisation experi-
ments have also revealed that rather than being uplifted
with the extracting spudcan, the sand plug trapped under-
neath the spudcan stayed at the installation depth (Craig
and Chua, 1990; Hu et al., 2016). Also, a gap was found
to form at the upper interface of the trapped sand layer.
This indicates the spudcan was separated from the sand
plug immediately upon extraction, which would allow for
the release of suction at the spudcan base.
The present work emanates from the above study on
spudcan extraction from sand-over-clay deposits and pro-
poses a simple framework to predict the variation of
undrained shear strength of the clay layer due to both
strength degradation (during installation) and reconsolida-
tion (during operation) effects. It allows the recovery of soil
strength to be incorporated into the framework by includ-
ing the dissipation of excess pore pressure during periods of
operation. The framework validity is demonstrated by esti-
mating the spudcan breakout force after the operation per-
iod in the underlying clay of the sand-over-clay soil.
3. Centrifuge tests and extraction resistance
Sample preparation was similar for all of the sand-over-
clay centrifuge tests from which data are utilised in this
manuscript (Lee et al., 2013; Hu et al., 2014; Safinus,
2016; and Hu and Cassidy, 2017). All these full-spudcan
tests were conducted at a centrifuge acceleration of 200 g.
Details of the soil properties and testing measurements
are listed in Table 1. The clay slurry was initially normally
consolidated at an acceleration of 300 g in the centrifuge.
Then a fabric membrane was placed on top of the clay
and sand was pluviated as a surcharge for further consoli-
dation of the clay at 300 g. The sand and fabric membrane
were then removed and a new layer of sand was laid again
following the same procedure but without the fabric mem-
brane. The target sand thickness was achieved by scraping
the sand surface using a sheet aluminium scraping plate.
All the spudcan penetration and extraction tests were con-
ducted at 200 g, hence the soil was lightly over-
consolidated. In this paper all of the centrifuge test details
are described in terms of model dimensions while all the
test results are presented in prototype dimensions.
The testing procedure for a typical full spudcan model
test L1SP1 in Hu et al. (2014) (see Table 1) is illustrated
in Fig. 1 and it includes the following three stages: (a)
Installation: the spudcan was penetrated in flight at a
displacement-controlled model rate of 0.254 mm/s. The
penetration rate was determined such that drained beha-
viour in sand and undrained behaviour in clay were
attained; (b) Operation: at the end of the installation stage,
the spudcan was maintained under load control at the ulti-
mate installation force for a period of time. For example,
under 200 g centrifuge acceleration, 20 min model time is
Table 1
Summary of full-spudcan centrifuge tests
Reference No. Test name Geometry Sand Clay Prototype operational
periods (month)
Results
Conical angle Hs (m) D(m) Hs/D ID c
0
s (kN/m
3) sum (kPa) k (kPa/m) c
0
c (kN/m
3) qin(kPa) qbr (kPa)
Lee (2009) and Lee et al. (2013) 1 D1F30a 0 6.2 6 1.03 0.92 10.99 17.7 2.1 7.50 0.015 1902.7 595.2
2 D1F40a 0 6.2 8 0.78 0.92 10.99 17.7 2.1 7.50 0.015 1467.8 412.0
3 D1F50a 0 6.2 10 0.62 0.92 10.99 17.7 2.1 7.50 0.015 918.7 394.0
4 D1F60a 0 6.2 12 0.52 0.92 10.99 17.7 2.1 7.50 0.015 804.8 224.0
5 D1F70a 0 6.2 14 0.44 0.92 10.99 17.7 2.1 7.50 0.015 725.2 264.9
6 D1F80a 0 6.2 16 0.39 0.92 10.99 17.7 2.1 7.50 0.015 855.3 285.0
7 D1F40b 0 4.1 8 0.51 0.92 10.99 16.3 2.1 7.50 0.015 980.2 313.3
8 D1F50b 0 4.1 10 0.41 0.92 10.99 16.3 2.1 7.50 0.015 915.9 380.1
9 D1F60b 0 4.1 12 0.34 0.92 10.99 16.3 2.1 7.50 0.015 864.3 268.6
10 D2F30a 0 6.7 6 1.12 0.92 10.99 19.1 2.1 7.50 0.015 1342.7 564.0
11 D2F40a 0 6.7 8 0.84 0.92 10.99 19.1 2.1 7.50 0.015 1376.0 432.1
12 D2F60a 0 6.7 12 0.56 0.92 10.99 19.1 2.1 7.50 0.015 1047.1 290.0
13 D2F80a 0 6.7 16 0.42 0.92 10.99 19.1 2.1 7.50 0.015 842.0 283.8
14 D2F30b 0 5.8 6 0.97 0.92 10.99 18.6 2.1 7.50 0.015 1902.5 497.4
15 D2F40b 0 5.8 8 0.73 0.92 10.99 18.6 2.1 7.50 0.015 1276.8 521.2
16 D2F60b 0 5.8 12 0.48 0.92 10.99 18.6 2.1 7.50 0.015 1100.5 368.0
17 D2F80b 0 5.8 16 0.36 0.92 10.99 18.6 2.1 7.50 0.015 849.2 283.1
18 D2F30c 0 4.8 6 0.80 0.92 10.99 17.9 2.1 7.50 0.015 1672.4 519.1
19 D2F40c 0 4.8 8 0.60 0.92 10.99 17.9 2.1 7.50 0.015 1486.0 602.2
20 D2F60c 0 4.8 12 0.40 0.92 10.99 17.9 2.1 7.50 0.015 1201.8 430.0
21 D2F80c 0 4.8 16 0.30 0.92 10.99 17.9 2.1 7.50 0.015 1037.0 371.0
22 D2F30d 0 3.4 6 0.57 0.92 10.99 16.6 2.1 7.50 0.015 1278.7 512.2
23 D2F40d 0 3.4 8 0.43 0.92 10.99 16.6 2.1 7.50 0.015 1110.2 428.4
24 D2F60d 0 3.4 12 0.28 0.92 10.99 16.6 2.1 7.50 0.015 965.2 362.0
25 D2F80d 0 3.4 16 0.21 0.92 10.99 16.6 2.1 7.50 0.015 983.7 333.1
26 D1SP40a 13 6.2 8 0.78 0.92 10.99 17.7 2.1 7.50 0.015 1263.5 414.5
27 D1SP50a 13 6.2 10 0.62 0.92 10.99 17.7 2.1 7.50 0.015 1283.1 315.6
28 D1SP60a 13 6.2 12 0.52 0.92 10.99 17.7 2.1 7.50 0.015 971.9 298.4
29 D1SP70a 13 6.2 14 0.44 0.92 10.99 17.7 2.1 7.50 0.015 859.1 227.5
30 D1SP80a 13 6.2 16 0.39 0.92 10.99 17.7 2.1 7.50 0.015 747.6 228.0
Hu et al. (2014) 31 L1SP1 13 6.0 6 1.00 0.43 9.96 13.0 1.5 7.11 0.015 1747.3 601.0
32 L1SP2 13 6.0 8 0.75 0.43 9.96 13.0 1.5 7.11 0.015 812.1 268.3
33 L1SP3 13 6.0 10 0.60 0.43 9.96 13.0 1.5 7.11 0.015 842.9 188.4
34 L1SP4 13 6.0 12 0.50 0.43 9.96 13.0 1.5 7.11 0.015 1032.0 258.4
35 L1SP5 13 6.0 14 0.43 0.43 9.96 13.0 1.5 7.11 0.015 852.6 187.5
36 L2SP1 13 5.0 6 0.83 0.43 9.96 12.4 1.5 7.11 0.015 1209.5 461.0
37 L2SP2 13 5.0 10 0.50 0.43 9.96 12.4 1.5 7.11 0.015 768.7 229.3
38 L2SP3 13 5.0 14 0.36 0.43 9.96 12.4 1.5 7.11 0.015 569.0 160.3
39 L2SP4 13 5.0 16 0.31 0.43 9.96 12.4 1.5 7.11 0.015 491.6 150.5
40 L2SP5 13 5.0 20 0.25 0.43 9.96 12.4 1.5 7.11 0.015 382.8 135.2
41 L3SP1 13 3.2 6 0.53 0.43 9.96 11.0 1.6 7.11 0.015 865.6 333.9
42 L3SP2 13 3.2 8 0.40 0.43 9.96 11.0 1.6 7.11 0.015 680.6 267.9
43 L3SP3 13 3.2 12 0.27 0.43 9.96 11.0 1.6 7.11 0.015 594.6 206.6
44 L3SP4 13 3.2 16 0.20 0.43 9.96 11.0 1.6 7.11 0.015 427.4 138.1




























































Fig. 1. A typical spudcan penetration and extraction resistance profile
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P. Hu et al. / Soils and Foundations 60 (2020) 413–424 417equivalent to approximately 1.52 years prototype opera-
tion period for a 30 mm diameter model spudcan. This
models a jack-up unit under self-weight during its opera-
tional life; (c) Extraction: immediately after operation,
the spudcan was pulled out with the same speed as that
of penetration until the spudcan tip was clear of the soil
surface.
The value of ultimate soil resistance force of a single leg
to installation before the operation is referred to as Qin.
The net uplift force required to extract the leg from the soil
has to exceed the soil resistance force to extraction, which
is the so-called ‘breakout force’ Qbr. The breakout force
Qbr is affected by several factors, including the physical
characteristics of the soils, the depth of penetration, the
418 P. Hu et al. / Soils and Foundations 60 (2020) 413–424geometry of the spudcan and whether soil backfill has
occurred. The corresponding equivalent stresses qin and
qbr (‘Q’ divided by the maximum cross-sectional area of
the spudcan) and all other testing parameters from the cen-
trifuge testing database are tabulated in Table 1. Fig. 1 also
shows that for this particular test, the resistance during
extraction is ~ 40% of that during penetration in sand-
over-clay soil. The Qbr is normally developed after a spud-
can has been raised over a very short displacement of about
0.1–0.2 spudcan diameter from its final penetration depth,
referred to as hfinal. The depth of mobilisation of the break-
out force Qbr is referred to as the ‘breakout depth’, hbr. In
the field and post-breakout, the leg extraction would be
expected to be easier for the remaining extraction depth,
at least for soil profiles with increasing strength with depth.
The ratio of extraction resistance to penetration resis-
tance for tests with near-immediate extraction is in the
range of 0.2–0.4, as shown in Fig. 2. Except test SP3, allSand
Clay
Sand plug separation




(c) 0.5D depth from sand-clay interface
Fig. 3. Critical stages during spudcan extraction from sand-over-claythe tests in Hu and Cassidy (2017) with a longer operating
period have a higher ratio of qbr/qin in the range of 0.4–0.6,
indicating the clay strength has recovered to an extent
resulting in higher pull-out force being needed to extract
the spudcan foundations. This shows that the extraction
force is much higher after allowing a period of operation
and the effect of consolidation has to be considered when
estimating the extraction force. For a single clay layer,
the resistance during extraction in disturbed soil is 68%–
74% of that during penetration in undisturbed soil
(Hossain et al., 2015). However, the experimental results
of Purwana et al. (2005) and Kohan et al. (2014a) indicate
higher ratios due to longer operation periods. Compared
with the extraction from a single clay layer, the reduction
in the breakout force for sand-over-clay soil is clearly due
to the immediate separation of the spudcan base from the
trapped sand plug (i.e. a vented condition) and the imme-
diate release of suction force.Sand
Clay
Gap




(d) sand-clay interface 
and development of soil deformations (H5C0 in Hu et al., 2016).
P. Hu et al. / Soils and Foundations 60 (2020) 413–424 4194. Extraction mechanisms
Half-spudcan geotechnical centrifuge tests were
designed to penetrate and extract the spudcan adjacent to
the strongbox window, permitting the soil deformation to
be captured continuously in-flight by a digital machine
vision camera sitting at right angles on a cradle within
the channel (see Stanier and White, 2013 for further details
on this system). One half-spudcan PIV test (only installa-
tion stage was originally reported in Hu et al., 2016) was
used to investigate the extraction mechanism of a spudcan
foundation in sand overlying clay soils. The aim was to
reveal the soil failure mechanism, linking directly to the
extraction resistance profile.
Fig. 3 depicts the soil flow mechanism at four critical
stages of the extraction test H5C0 in Hu et al. (2016).
The exposed plane of the model was seeded with coloured
flock on the clay layer and black dyed sand on the sand
layer. This seeding was done to improve the texture within
the digital images and it was applied such that the artificial
seeding ratio (ASR) was in the range of 0.4–0.6 (Stanier
and White, 2013). The images captured by the camera were
then analysed using Particle Image Velocimetry (PIV) (aka
Digital Image Correlation or DIC) techniques (Stanier
et al., 2015) incorporating photogrammetric corrections
for camera lens and pose induced errors (White et al.,
2003).
Fig. 3 illustrates the four key stages of the breakout













Fig. 4. Proposed mechanism during spudcan extraction from sand
overlying clay.1D from the original sand-clay interface; (c) at a depth of
0.5D from the original sand-clay interface; and (d) at the
original sand-clay interface. The solid lines in the LHS of
the figure represent the sand surface and sand-clay inter-
face, respectively.
At breakout force Qbr, shown in Fig. 3(a), it is clear that
a column of soil is lifted above the spudcan, through both
the sand and clay layers, and that suction is not mobilised
at the base of the spudcan as immediate breakaway due to
venting through the sand layer occurs. The shearing
periphery of the column of soil being lifted is encompassed
totally by the surrounding clay layer. It is the resistance of
this soil and the weight of the column of soil within that
will dictate the peak breakout resistance.
As the extraction progresses to a depth of 1D from the
original sand-clay interface, shown in Fig. 3(b), clay begins
to flow around the base of the column of sand being lifted,
filling the void beneath the spudcan. The shearing periph-
ery of the soil column being lifted also narrows and coin-
cides with the vertical sand-clay interface generated by
drag-down of sand during installation.
As extraction progresses to a depth of 0.5D from the
original sand-clay interface, shown in Fig. 3(c), the clay
backflow mechanism enlarges significantly whilst the shear-
ing column of soil above the spudcan is totally encom-
passed by the sand layer. A cavity also begins to form
immediately beneath the spudcan, into which sand flows
as extraction progresses.
As the extraction nears completion at the depth of the
original sand-clay interface, shown in Fig. 3(d), the sand
surrounding the spudcan abruptly fails leading to rapid
backfill of the cavity beneath the spudcan. This post-
breakout stage also demonstrates that the underlying clay
stopped moving and the soil movement was primarily
above the spudcan and in the sand layer.
5. Proposed method
Based on the measurement from PIV analysis, the fail-
ure mechanism of soil above the spudcan is assumed to
be a cylinder with an area equivalent to that of the spudcan
maximum cross section area. The repose angle between the
surface of the falling sand and the horizontal line immedi-
ately before the extraction is taken as equivalent to the crit-
ical state friction angle of sand (taken as 31 for the testing
series in Table 1). This angle is used in the following model
to correlate the relationship between the height of the shear
surface in the sand and the spudcan diameter. A simplified
method is proposed based on the breakout failure mecha-
nism and the vertical uplift force equilibrium condition,
as illustrated in Fig. 4. The failure mode is characterised
by a column of sand being uplifted by the spudcan with
an inverted cone of sand missing at the free surface as a
result of sand flowing into the cavity generated by the
spudcan during penetration. For simplification, a vertical
sand-clay friction interface is assumed in the proposed
model.
Fig. 5. Simplified critical state interpretation of remoulding and
reconsolidation.
420 P. Hu et al. / Soils and Foundations 60 (2020) 413–424The spudcan extraction resistance is therefore comprised
of three components: (a) weight of soil above the spudcan;
(b) resistance along the shear plane generated above the
spudcan in the clay layer; and (c) the same in the sand
layer.
Based on the above analysis, the breakout force, Qbr,
could be written as:
Qbr ¼ W sand þ Qshear; clay þ Qshear; sand ð1Þ
The weight of the sand column above the spudcan for
the simplified geometry illustrated in Fig. 4, can be calcu-
lated as:
W sand ¼ c0s
p
4
D2 hc þ hfð Þ  pt
2
4
hc  htð Þ















where t is the diameter of the spudcan shaft; hc is the spud-
can depth in the underlying clay layer; hf is the length of the
shear surface in the sand layer; ht is the height of the spud-
can top shoulder; and c0s is the submerged unit weight of
sand.
The shear resistance of the clay mobilised along the ver-
tical planes of the soil column being uplifted is:
Qshear; clay ¼ pDhcsu ð3Þ
The su in Eq. (3) is taken as the average shear strength in
the vicinity of the spudcan during the extraction process.
Any change in clay shear strength associated with soil con-
solidation surrounding the spudcan occurring prior to or
during extraction stage is a major influence factor, and this
will be considered through a framework in the next section.
A simple lower bound for the shear resistance in the
sand mobilised along the vertical plane of the soil column
is:





where /cv is the critical state friction angle of sand.
6. MODEL framework
As indicated in Eqs. (1) and (3), the prediction of the
ultimate uplift capacity requires the determination of an
operative shear strength that represents the average
strength of the clay mobilised in shear around the periph-
ery of the column of soil being uplifted above the spudcan,
as illustrated in Fig. 3(a). The determination of the opera-
tive shear strength necessitates the consideration of the
softening from the soil remoulding and strengthening from
the consolidation. To this end, a framework based on crit-
ical state theory is proposed, where the changes in
undrained shear strength during remoulding and consoli-
dation are correlated to the changes in vertical effective
stress level of the soil. The framework is presented in
Fig. 5 and is based on the well-established relationshipbetween the specific volume and the vertical effective stress,
which has previously been used for modelling the beha-
viour of risers under episodic cyclic loading (White and
Hodder, 2010; Hodder et al., 2013).
The underlying clay soil is initially normally consoli-
dated at 300 g (point A in Fig. 5). It moves to point B after
consolidation under the surcharge of sand. During spudcan
penetration, the soil state moves to the critical-state line
(CSL, point C in Fig. 5) at failure. This broadly
corresponds to the shear strength values from the T-bar
measurements for the initial penetration. As the vertical
effective stress reduces from point B to point C at constant
volume, excess pore pressure is generated. If the soil was
fully remoulded, the soil state would move to point C0 on
the remoulded strength line (RSL). The RSL represents
the lowest stress state achievable at any given vertical effec-
tive stress r0v and the stress spacing ratio between the RSL
and the CSL is taken as equal to the soil sensitivity, St.
During operation, the excess pore pressure dissipates
causing the soil to reconsolidate, and the specific volume
decreases (C to D) with a magnitude according to the slope
of the unload-reload line (with slope j) towards the initial
stress. During extraction, the current stress of the soil ini-
tially moves to point E on the CSL line and moves further
to point F. At this point, the clay shear strength corre-
sponding to the extraction was mobilised.
Following the notation in White and Hodder (2010), the
initial specific volume at point A (i.e. under normally con-
solidated conditions), vA, can be determined as follows:
vA ¼ N  kln r0vAð Þ ð5Þwhere N is the specific volume at r0v = 1 kPa and k is the
slope of the NCL (and CSL) line. After removal of the











Fig. 6. Schematic of soil cylinder with vertical sand column drain.
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B in Fig. 5). This change in specific volume is calculated as:






where the magnitude of Dv depends on the slope j.
The specific volume at point B can thus be calculated as:
vB ¼ vA þ Dv ð7Þ
During undrained penetration in the clay layer, vB = vC.





where U is the specific volume at r0v = 1 kPa on the CSL
line.
At any given r0v during shearing, the operative strength
su can be calculated from the strength parameter, m, as:
su ¼ lr0v ð9Þ
The magnitude of m is approximately 0.7 by matching
the measured su with the corresponding r0v in the back-
analysed tests as summarised in Table 1. Thus, the change
in the undrained shear strength of the soil is proportional
to the change in the vertical effective stress.
The initial undrained shear strength, su, initial is expressed
in terms of r0v and the over-consolidation ratio OCR
(Wroth, 1984) as:






where (su/r0v)NC is the normally consolidated strength
ratio and m is the plastic volumetric strain ratio. Optimal
values of (su/r0v)NC and m were obtained by fitting Eq.
(10) to the initial undrained shear strength profile recorded
during the accompanying T-bar penetrometer experiment
for each series of centrifuge tests as summarised in Table 1.
Vertical penetration of the spudcan is assumed to generate
an excess pore pressure field that dissipates one-
dimensionally in the radial direction towards the sand plug
(see Fig. 6).
The excess pore pressures generated by the installation
process are assumed to dissipate during operation. The rate
of dissipation in soil is governed by the coefficient of con-
solidation. In this one-dimensional radial consolidation
approximation, we assume a single ‘operational’ coefficient
of consolidation, cr, (e.g. Muir Wood, 1990) to be represen-
tative of the radial consolidation characteristics of the col-








where m0C is the specific volume for the in situ vertical effec-
tive stress at the end of the installation process r0vC; r0r is
the in situ radial effective stress; cw is the unit weight of
water and kr is the radial permeability at the initial specific
volume. As kr is likely to dominate the rate of drainagearound a spudcan, the following kr expression of Al-
Tabbaa and Wood (1987) is used in this analysis:
kr ¼ 1:49e02:03  109 m=s ð12Þ
where e0 is the void ratio of clay. It is shown in Houlsby
and Hitchman (1988) that the drained resistance of a pen-
etrometer varies directly with the in situ radial effective
stress r0r. The expression proposed by Mayne and
Kulhawy (1982) is employed in this paper:
r0r ¼ k0r0v ¼ 1 sin/0ð Þr0vOCRsin/
0 ð13Þ
where k0 is the coefficient of earth pressure at rest. A mean
triaxial compression friction angle /0 of 25 is recom-
mended in Lehane et al. (2009) to provide a reasonable
assessment of r0r values in the centrifuge tests. The degree
of consolidation, U, in the underlying clay is given by
(Barron, 1948):




where the time factor Tr is defined as




where tr is the consolidation time; and de is the distance
from the far edge of the spudcan influence zone to the edge
of the sand column. It has been shown in Teh et al. (2008)
that soil flow induced by the spudcan penetration in sand-
over-clay soil occurred within 1D from the spudcan edge,
therefore the de is taken as 1D in this analysis. The F(n)
is the drain spacing factor, given by
Table 2
Framework parameters for UWA kaolin clay.
Parameter Symbol Value Reference
Normal consolidation line (NCL) or critical state line (CSL) slope k 0.26 Acosta-Martinez and Gourvenec (2006)
Unload-reload slope j 0.06 Stewart (1992)
CSL specific volume at r0v = 1 kPa C 3.29 White and Hodder (2010)
Rate of strength degradation N95 2.5 Sahdi et al. (2017)
NCL specific volume at r0v = 1 kPa N 3.67 White and Hodder (2010)
Fig. 7. Comparison of breaking force from centrifuge tests and the
proposed predictive model.
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where re is the radius of soil cylinder, which is taken as the
distance from the centre of the sand column to the centre of
the spudcan influence zone (see Fig. 6). The corresponding
penetration resistance represents the average response of
many soil elements located at different offsets within the
spudcan influence zone from the centreline of the spudcan
path. The radius rw is the radius of the sand column above
the spudcan. Excess pore pressure, u, is generated in
response to undrained shearing caused by the penetration
of the spudcan. The maximum excess pore pressure, umax,
at a given specific volume is expressed as (illustrated in
Fig. 5):
umax ¼ r0vB  r0vC ð18Þ
As shown in Fig. 5, during consolidation, the excess
pore pressure may partially (or fully) dissipate causing an
increase in vertical effective stress, where the vertical effec-
tive stress at point D is:
r0vD ¼ r0vC þ Dr0v ¼ r0vC þ umaxU ð19Þ
The difference between the post-penetration vertical
effective stress r0vC and the reconsolidated vertical effective
stress, r0vD indicates the change in vertical effective stress
during reconsolidation. The pore pressure dissipation leads
to a corresponding change in specific volume values, which
can be expressed as:






Therefore, the specific volume at point D can be
expressed as:
vD ¼ vC þ Dv ð21Þ
During extraction, the positive excess pore pressure
results in a current vertical effective stress r0vF, which is a
proportion of the stress at the critical state line correspond-
ing to the current specific volume, v (r0vE-n)
r0vF ¼ Rr0vE - n ð22Þ
where r0vE-n is the vertical effective stress on the CSL at the
current cycle number nc, and so is linked to the current
specific volume byr0vE - n ¼ e
CvD
k ð23Þ
The parameter R controls the position of the failure










where N95 is the rate of strength degradation. The cycle
number nc is calculated following Randolph et al. (2007):
the first penetration is designated as nc = 0.25; for extrac-
tion in this analysis, the nc is incremented by 0.5 (i.e.
n = 0.75).
Finally, the shear strength corresponding to point F is
calculated according to Eq. (9) by taking r0v = r0vF. The
parameters within the framework, along with appropriate
values, are detailed in Table 2.
7. Performance of the proposed method
A large number of centrifuge model tests investigating
punch-through failure in sand-over-clay soil have been
reported with full (i.e. including extraction) spudcan
penetration-extraction profiles (Lee, 2009; Hu et al.,
2014; Safinus, 2016; Hu and Cassidy, 2017). The measured
extraction force for different operational periods is consid-
ered in the database, which is used to validate the newly

















Fig. 8. Shear strength prediction of test L1SP1 according to different













Time of consolidation (year)
qbr/qbr-0 = 1.22
Fig. 9. Normalised extraction force of test L1SP1 for different consoli-
dation time.
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database, and that the database is limited to the silica and
carbonate sands and kaolin clays. As shown in Fig. 7, 42
predicted data qbr, predicted fall within ± 20% difference of
the measured value qbr, test and 20 predicted data has a dif-
ference of less than 10%. For the tests with prototype oper-
ation period of 1.52 years in Hu and Cassidy (2017), three
predicted values show the difference of less than 1.4% to the
measured values. The method generates reasonably good
predictions for the tests with immediate extraction of the
spudcan foundation and more importantly for those with
significant operational periods.
For a typical test L1SP1 in Table 1, the undrained
shear strength for consolidation time of 0 year to two
years with increment of half year and two to ten years
with increment of one year were calculated from the
framework as shown in Fig. 8. The breakout resistance
calculated for the corresponding consolidation time nor-
malised by the breakout resistance with no time (0 year)
for consolidation (qbr-0) are shown in Fig. 9. With con-
solidation, the clay soil regains strength, and the break-
out resistance during immediate uplift increases rapidly
in the first two years before converging to a value of
around 1.22 times the nominal capacity in the duration
of four to ten years. This shows that in some instances
the initial clay strength can be exceeded as a consequence
of reconsolidation, however, the likelihood of this is
dependent upon the in-situ vertical effective stress profile
and the sensitivity of the clay. This example also indi-
cates that the effect of consolidation must be properly
considered when estimating the breakout resistance of
the spudcan foundation in sand-over-clay soil for any-
thing but the shortest of operational periods.As a crude first estimate, the Hu et al. (2014) method
could be used to calculate the maximum penetration force
Qin, before multiplying Qin by a factor in the range of 0.2–
0.4 for immediate extraction or 0.4–0.6 for a period of
reconsolidation (as indicated in Fig. 2) to estimate Qbr.
This could then be followed by the more in-depth calcula-
tion proposed in this paper, which can also be used to gen-
erate breakout resistances for varying operational periods.
8. Conclusions
Centrifuge tests have been performed to investigate
spudcan extraction resistance in UWA super fine silica
sand overlying kaolin clay soil. The centrifuge tests on
the extraction of half-spudcan with subsequent PIV analy-
sis revealed that the breakout of the spudcan was mainly
governed by a cylindrical shear failure mechanism directly
above the spudcan.
A critical state framework was proposed to describe the
variation of the operative soil strength with remoulding
and reconsolidation. Consolidation effects are included in
the framework by linking the excess pore pressure to a sim-
ple radial dissipation model, which is used to predict the
reduction in specific volume caused by consolidation that
in turn results in recovery of undrained shear strength.
The simple prediction method together with the framework
can capture the key aspects of the soil behaviour and pre-
dict the breakout force of a spudcan foundation in sand
overlying clay soil for a wide range of degree of consolida-
tion. This paper provides a study of the effect of consolida-
tion on the breakout resistance of the spudcan foundation.
The present study has shown that a simplified method
for predicting the breakout force at a site with sand-over-
clay stratigraphy can be established. This helps the opera-
tors to plan appropriate operational measures based on
such seabed conditions and operational periods.
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